This study provides a systematic approach for assessment of contaminants in materials for recycling. Paper recycling is used as an illustrative example. Three selected chemicals, bisphenol A (BPA), diethylhexyl phthalate (DEHP) and mineral oil hydrocarbons (MOHs), are evaluated within the paper cycle. The approach combines static material flow analysis (MFA) with dynamic material and substance flow modeling. The results indicate that phasing out of chemicals is the most effective measure for reducing chemical contamination. However, this scenario was also associated with a considerable lag phase (between approximately one and three decades) before the presence of chemicals in paper products could be considered insignificant. While improved decontamination may appear to be an effective way of minimizing chemicals in products, this may also result in lower production yields. Optimized waste material source-segregation and collection was the least effective strategy for reducing chemical contamination, if the overall recycling rates should be maintained at the current level (approximately 70% for Europe). The study provides a consistent approach for evaluating contaminant levels in material cycles. The results clearly indicate that mass-based recycling targets are not sufficient to ensure high quality material recycling.
■ INTRODUCTION
Recycling of materials and products is a backbone of sustainable development, a term that was coined almost three decades ago. 1 The main benefits typically associated with material recycling are a reduced dependency on natural resources and nonrenewable energy sources, as well as a reduction in our environmental footprint. 2 This has been recognized by the European Union (EU), resulting in adoption of a resolution on "resource efficiency: moving towards a circular economy" in 2015 (2014/2208(INI)). Similar trends in increasing focus on recycling can also be observed for the US. 3 While in most cases, material recycling appears to be beneficial from a general "sustainability" perspective, the case might be oversimplified.
To live up to the ever-increasing demands for functionality, appearance, durability, etc., the chemical and material complexity of industrial and consumer products have increased. Metal alloys substitute pure metals, chemical additives increase the flexibility and durability of plastics, flame retardants reduce the fire risks of electronics and textiles, pigments and inks improve the appearance of products, etc. When products containing a multitude of constituents are recovered for recycling and reprocessing, their complex chemistry comes along with them. On this basis, a cycle consisting of both materials and chemicals is created, parts of which are being constantly added and removed from the cycle. 4 Paper is a good example of a commodity that is consumed in large quantities, with about 200 kg per capita being annually consumed in the US and the EU. 5 Literature has indicated the presence of a wide range of chemicals in paper and paper products; up to 10 000 chemicals may potentially be present in the final products, with paper conversion (printing, gluing, etc.) being the main source. 6 The chemicals that are used in paper are most commonly employed in the form of solvents, inks, and dyes, polymeric formulations, etc. Additionally, chemicals may be unintentionally added through impurities and as chemical byproducts, or introduced through contamination during use. 7 Paper is also the material with one of the highest recycling rates worldwide, with more than 230 million tonnes collected for recycling in 2012. 8 This value results in a global average recycling rate of 58%, which is even higher for newspapers (67%) and paper packaging (81%) recycled in the US and Europe, respectively. 3, 5 On average, paper is recycled 3.5 times before being removed from the paper cycle, 5 although the actual number of cycles for paper fiber is expected to be lower. 9, 10 Consequently, contamination of newly manufactured paper products with chemicals present in recycled paper and board can be expected, unless these chemicals are removed in the reprocessing. Once removed these chemicals may be released into the environment, potentially making paper mills an important source of environmental pollution. 11−14 Paper products that are based on recycled paper have been shown to have a higher chemical load compared with virgin-fiber based products. 15 Although the majority of chemicals present in paper products is benign, some chemicals are regarded as hazardous. 6 The presence of chemicals has been linked to increased toxicity and risks associated with the use of recycled paper, particularly in food-contact applications (see, e.g., refs 16−18) . Understanding the fate of a chemical once it is introduced into a paper product remains a key challenge when assessing the risks and potential limitations associated with paper recycling.
Material flow analysis (MFA) can be used to systematically quantify the flows and stocks of materials in arbitrarily complex systems, distinguishing flows at the goods level with the substances that are contained within these goods. 19 Thereby, MFA may provide useful information regarding the patterns of resource use and losses of materials entering the environment. 20 MFA is typically referred to as a substance flow analysis (SFA), when a specific substance is the focus of the investigation. Therefore, SFA can be used as tool for providing information about the flows of chemicals, their distribution and fate in a product cycle, thereby identifying problematic flows or emissions and creating a basis for designing mitigation strategies. 21 Depending on whether an MFA is carried out for a certain time increment or whether it describes the stocks and flows of a material system over several time increments, it is static or dynamic. Static MFA is used to provide a snapshot of a system in time and can be done at different levels of aggregation to investigate use patterns and losses in the system. Dynamic MFA provides information about material usage over time and consequent changes in stocks and flows within a system. 22 A combined use of both static and dynamic MFA can provide a more comprehensive understanding of material cycles and the importance of chemical substances in the recycled materials.
The overall aim of this study is to provide and evaluate a systematic modeling approach for assessment of chemicals in recyclable materials and potential strategies for mitigating contamination of the associated material cycles. Paper recycling in Europe is used as a case to illustrate the modeling approach, rather than provide specific predictions for European paper and chemical flows. Focus is placed on three potentially hazardous chemicals: bisphenol A (BPA), diethylhexyl phthalate (DEHP), and mineral oil hydrocarbons (MOHs). The following specific objectives are included: to (i) establish a reconciled paper cycle for Europe, based on a static MFA model; (ii) establish a dynamic SFA model for BPA, DEHP, and MOHs within the paper material cycle; (iii) compare and evaluate selected strategies for minimizing the presence of these chemicals in paper products through scenario analysis; and (iv) on this basis, provide recommendations for improved management of paper for recycling.
■ MATERIALS AND METHODS
Material and Substance Flow Modeling. The modeling approach used in this study was based on the method of MFA and consisted of static, as well as dynamic material and substance flow modeling. 19 The approach builds on establishing a reconciled paper flow model, which is used to assess the flows of selected chemicals in various paper products along the product life-cycle, and finally to investigate chemical cycling in paper products based on scenario analysis. The overall procedure consisted of four steps and is illustrated in Figure 1 .
In the first step, the paper flows in Europe were quantified for the year 2012, which was chosen according to data availability. Figure 1 . Approach of combining static and dynamic material flow modeling to investigate the chemical dynamics in paper products using scenario analysis. Flows across the system boundary represent the imports and exports of paper products and waste paper. The tick marks in step two indicate the elements for which information on chemical concentration and partitioning was used to estimate the annual steadystate addition of chemicals in step three.
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On the basis of the fully balanced paper flow system, transfer coefficient (TC) matrices were derived for each process. TCs defined the partitioning of input flows to the various output flows of a process. These TC matrices formed the basis for the second step focusing on modeling the flows of chemicals in paper products ( Figure 1 ). In the third step, outputs from step one and two were used to establish a dynamic model of the paper cycle. Using this model setup as a basis, step four investigated a range of scenarios for mitigating the cycling of contaminants in paper products. Further details of the modeling are provided in the following.
Static Paper Flow Analysis. The paper flows were determined in a static MFA using the STAN software (www.stan2web.net). STAN is a widely used tool to perform MFA, offering the possibility for propagation of errors, as well as data reconciliation within the material flow model. 23 Conflicting material flow data may occur due to overdetermination of the mass balance equation system. 23 Such flows can be reconciled in STAN, based on characterization of the input data uncertainty, which is used to alter the mean flow values in order to comply with the mass balance constraints of the model. In the present study, the data were characterized as normally distributed variables, defined by the mean value and relative standard deviation (RSD). Three levels of uncertainty were assigned to the input data, according to the origin of the material flow data, hence following a simple classification approach. 24 Data originating from statistical reports were assigned a RSD of 5%. Data for discarded paper flows were assigned a RSD of 10% and transfer coefficients estimated based on process understanding were associated with larger RSDs (between 10 and 50%), depending on the confidence in the available information (e.g., paper grade-specific fiber losses to solid residues during paper production were assigned a RSD of 30%). In this study, the main purpose of the uncertainty characterization is to assign "weights" to the various input data, which are then reconciled using the mass balance equations (the higher the uncertainty, the lower the weight). The reconciliation procedure is used to check data plausibility and reduce flow uncertainties. 25 After a closed mass balance was achieved for the paper flow model, the transfer coefficient matrices for each process were derived. These matrices were used to define the production and use pattern of paper in the investigated system with respect to seven individual paper product categories: "carton board" (CB), "case materials" (CM), "household and sanitary" (H&S), "newsprint" (NP), "other graphic paper" (OG), "other paper" (OP) and "wrappings and packaging" (WP). The transfer coefficient matrices formed the basis for balancing the substance flows within the paper products and for building the dynamic material flow model.
Static Substance Flow Analysis. The chemical flows associated with the paper products were determined by considering three substance layers within the material flow model in STAN. The flows of BPA, DEHP, and MOHs were calculated using the concentrations of these chemicals in paper fractions discarded from Danish households (Table S1 ), as well as the fate of these chemicals during paper production and conversion. Using this information and assuming identical substance concentrations for the paper product inputs to and outputs from the use phase (i.e., ignoring the time lag between input and output) in the substance flow modeling (Figure 1 ), the amount of chemicals introduced during the different paper lifecycle stages was calculated. For BPA, the share of BPA used in thermal paper (constituent of "other paper") was added during production, while BPA used in other paper product categories (e.g., for gluing) was added during conversion. On the other hand, for both DEHP and MOHs, the chemicals were added during conversion. Addition during use (e.g., potential oil contamination of tissue paper 26 ) or any other steps in the paper cycle were also assumed to occur during conversion for simplification.
Dynamic Modeling of Material and Substance Flows. A dynamic model of the paper cycle was established using the TC matrices derived from the static material flow modeling at the goods (step one) and substance layers (step two), as well as the annual amount of chemicals added to the paper products as calculated in step two. The in-use stock of paper products was accounted for based on lifetime functions, which defined the period from when a specific paper product enters the use phase until it is discarded. Weibull functions were used to express the in-use product lifetimes and the product-specific parameters were obtained from Cote et al. 27 who established a dynamic model of paper stocks and flows in Germany between 2010 and 2040. It is apparent from Supporting Information Table S2 that many of the paper products have expected residence times in the in-use stock of around one year (H&S, NP, and WP). Half of the OG products are expected to be out of use after four years; for CM and CB this corresponds to around 3.5 years. The product group OP is a mixture of products with varying lifetimes. This resulted in a low minimum lifetime (t 0 ) and a rather long average residence time (50% discarded after 13 years). The latter is due to the presence of paper products as books, archives, catalogs, construction paper (e.g., wallpaper), etc., which usually remain in use for an extended period. Nevertheless, the sensitivity of the model with respect to the lifetime functions assumed was assessed using alternative lifetimes where minimum lifetime was assumed to be zero (see section 8 of the Supporting Information)).
The dynamic model achieves a closed mass balance−at the level of goods (paper) as well as substances (chemicals). Therefore, paper and contained chemicals were either recycled (and therefore kept in the paper product cycle) or directed toward waste management for energy recovery, landfilling, composting, or other waste management options (e.g., anaerobic digestion). The paper flows were kept constant at the 2012 level and, once the dynamic model converged to a steady state, it resembled the current (2012) paper system in Europe. After a sufficiently high number of modeling years (>35), both goods and chemicals reached a (quasi) steady state. This was subsequently used as a reference scenario (SC0) for comparison with alternative mitigation scenarios addressing the effects of specific measures for minimization of the chemical levels in the paper cycle (Table S3 ). The dynamic model calculations were performed in MS Excel using the iterative mode (maximum change between iterations below 0.001).
The assumption of a steady state in the dynamic modeling of the European paper product cycle is a simplification because historic paper and board consumption have been increasing continuously. 28 However, consumption has slowed down in recent years, 29 and the main purpose of the steady state model is to provide a basis for evaluating the effects of different mitigation measures on the flows of chemicals in paper products. 30 Scenario Analysis. Three alternative management scenarios were investigated (SC1−SC3) and compared with the reference scenario (SC0), which represented the case in which no action to limit the presence of the selected chemicals was taken, that is, business as usual (BAU). Table S3 provides an overview of the four scenarios that are defined as follows:
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Article i) In the reference scenario (SC0), the paper flows are kept constant and chemical flows reach the steady state level (no mitigation measures). (ii) Scenario one (SC1) aimed at minimizing the chemical content of paper products through optimizing the collection of paper for recycling. This would indicate the optimal distribution between paper fractions being recycled and diverted into alternative waste management options (e.g., incineration). The rates of paper recycling were maintained, at least at the current level. The optimization was formulated into a linear problem, which was solved using the solver in MS Excel. iii) In scenario two (SC2), it was assumed that the removal efficiency of chemicals in paper reprocessing itself was improved. This could potentially be the result of, for example, conventional deinking processes covering larger shares of recycled paper or improvements in the efficiency of the deinking processes themselves (see, e.g., ref 31 ).
The scenario assumed that current removal efficiencies would be doubled within one year. Increased removal efficiencies also result in reduced yields in paper production, as larger amounts of fibers and other paper constituents are discarded as sludge. The scenario assumed an increase of 20% in residues, which were discarded as sludge. iv) Scenario three (SC3) evaluated the effects from potential developments in legislation or industry standards promoting the phase-out of BPA, DEHP, or MOHs in paper and paper products, for example, substitution of the three chemicals by available alternatives (see, e.g., refs 32−35). This scenario assumed a five-year linear decrease, until no more BPA, DEHP, or MOHs was intentionally added. Assuming a uniform distribution of a chemical in paper products, concentrations of BPA, DEHP, and MOHs were calculated and compared to analytical limits of detection (LOD), which were achieved by Pivnenko et al. 36 In this case, LOD indicated a threshold below which the presence of a chemical in paper products could be considered insignificant. Data Sources. Goods Level (Paper). To build the database of paper flows in Europe a consistent terminology was used, incorporating established frameworks for the paper recycling and waste management. 10, 37 Paper flows resulting from the use phase are referred to as "discarded paper", which subdivides into "paper for recycling"−if discarded paper is segregated and intended for recycling, and "residual paper"−if discarded paper is not intended for recycling and is commonly disposed of as part of mixed solid waste. Due to high paper recycling rates in Europe, most of the discarded paper is routed to recycling, while residual paper is largely limited to paper fractions not suitable for recycling (e.g., food packaging, tissue paper, wallpaper, and cigarette paper). Overall, the collected data were used to quantify the flows of the seven paper product categories throughout the entire material flow model (Table S4 and S5). Most of the data on paper production, consumption, conversion, and collection of paper for recycling in 2012 were obtained from the Confederation of European Paper Industries, CEPI. 28 The member countries of CEPI represent 95% of the European pulp and paper industry in terms of production. 28 Thermal paper was additionally considered in "other paper", with an estimated production of 168 000 tonnes, 38 as CEPI production data did not contain thermal paper. Detailed data for import and export of paper products (Table S5) were based on data provided in the United Nations Commodity Trade Statistics (UN Comtrade) Database for 2012. 39 In addition to the direct imports, unreported imports of paper products as, for example, paper packaging, were also taken into account as nonapparent consumption and described in section 1 of the Supporting Information. Composition of the discarded paper was based on data from a detailed household waste characterization campaign in Denmark. 36, 40 The partitioning of discarded paper into four grades of recycled paper (A, mixed grades; B, corrugated and Kraft; C, newspapers and magazines; D, high grades) was based on statistics data provided by CEPI 28 and complemented by the European list of standard grades of paper and board for recycling (EN 643/2013) and an annual report on pulp and paper industry. 41 Production efficiency and the resulting flows of residues to sludge and solid residues were based on literature data ranges for different paper grades (Table S6 ). 42 Substance Level (Chemicals). On the basis of the recent review of potentially hazardous chemicals that can result in paper contamination, 6 three different chemicals were included at the substance level as prominent examples: BPA, DEHP, and MOHs. BPA is primarily used as a developer in thermal paper production. 43 Although being used in limited applications, the current high concentrations of BPA in thermal paper may result in potential contamination of paper products through recycling (see, e.g., refs 36 and 43−45). DEHP is a representative of phthalates, a group of chemicals raising concerns about their presence in paper products. 6, 46 Phthalates are primarily used as plasticizers in lacquers and dispersion glues preparations or printing ink formulations. MOHs are a group of chemicals that are identified as contaminants, potentially originating from recycled paper (e.g., refs 6,15, 26, and 47) . The ink solvents that are used in printing processes are the main source of MOHs in paper products, 48 and concerns about recycled paper contamination and potential health risks related to the presence of MOHs have been expressed. 17, 48, 49 For these chemicals, the concentrations in the individual paper product categories contained in discarded paper (Table S1) were based on detailed studies from Denmark. 36, 43 While the Danish data were not expected to be representative for all of Europe, the data provided a useful estimate of the potential presence of the selected chemicals in European paper flows. Concentrations of chemicals in imported products (including nonapparent consumption) were assumed to be the same as in paper products that are produced within the CEPI member countries.
Information about the removal efficiencies of chemicals during paper reprocessing was gathered from various sources, while chemicals added in the paper conversion step were distributed into different paper product categories in accordance with their presence in discarded paper (Table S1) . Literature values on removal efficiencies vary widely, depending on technology, individual process specifications, level of contamination, etc. In the case of BPA, the average removal efficiencies during paper reprocessing are reported to be between 10% and 30%. 15 In the present study, BPA removal efficiency was defined related to the recycling paper grades: 95% of BPA in paper grade C (mainly "newsprint" and "other graphic paper") and 10% of BPA in the other paper grades (A, B, and D) . The values were based on estimates provided by the EU risk assessment report on BPA, 38 in which the removal efficiency of BPA in deinked paper for recycling (predominantly applied in graphic paper production) was 95%, in contrast to the 10% estimated for non-deinked paper. With respect to DEHP, 20% of the chemical entering
Article DOI: 10.1021/acs.est.6b01791 Environ. Sci. Technol. XXXX, XXX, XXX−XXX production via recycling paper was assumed to be removed. 50 Around 80% of MOHs contained in paper for recycling could be removed in a two-stage flotation process, simultaneously losing approximately 40% of the paper fiber input. 51 Other flotation experiments achieved MOHs removal efficiencies of around 50%, with fiber losses being approximately 15% of the input. 52 Therefore, the average MOHs removal efficiencies were assumed to be 40% within the paper production process in the model. No consistent data could be found regarding potential losses of chemicals through evaporation, migration, transformation, etc. (e.g., relevant for the waste collection phase). While such contributions are likely to be small and marginal compared to other flows, omissions may potentially lead to slight underestimation of chemical amounts in e.g., paper products.
■ RESULTS AND DISCUSSION Static Paper Flow Analysis. A static paper flow model for the European market in 2012 was developed. The reconciled model for paper flows is shown in Figure S1 . The resulting transfer coefficients for the processes of the paper cycle are available in Tables S8−S14. The total paper and board production in 2012 was 93 ± 1.6 Mtonnes. The paper production resulted in seven main paper product categories, with OG (32 ± 1.1 Mtonnes) and CM (25 ± 0.97 Mtonnes) having the highest production shares. As evident from Figure S1, 11 ± 3.8 million tonnes of paper and board were annually accumulated as a stock during the use phase, promoted by growth in paper consumption and resulting in outputs from the use phase (discarded paper) being outweighed by the inputs (paper products). Imports of paper products for use were 1.3 ± 0.07 Mtonnes and paper indirectly imported into Europe, mostly as packaging, accounted for 5.8 ± 2.9 Mtonnes. The majority of discarded paper was collected for recycling, while only 13 ± 0.5 Mtonnes ended up in the residual waste and "escaped" the recycling loop. Of the 53 ± 2.0 Mtonnes of paper collected for recycling, 8.3 ± 1.2 Mtonnes were net exports (= exports − imports) included in the official calculations of the European paper recycling rates. 53 The largest share of the residual paper was landfilled (63%), while 32% were incinerated with or without energy recovery. Residual paper ending up as compost or diverted to other waste management options (e.g., anaerobic digestion) was minor (approximately 5%). Landfilled residual paper and production residues increased the landfill stocks by 11 ± 0.53 Mtonnes.
The largest amount of residues (31 ± 3.1 Mtonnes) was derived from pulp production (e.g., debarking and pulping residues) and is commonly utilized for on-site energy production. Similarly, the paper converting residues (5.1 ± 0.22 Mtonnes) have limited contamination and are usually collected separately from the discarded paper. They are used directly in paper production as high-grade paper.
In light of the lack of a clear definition of material recycling, 54 literature has provided different suggestions (e.g., refs 55−57). Applying the most common definition, that is, the ratio of the total paper collected for recycling relative to the total paper consumed, to the reconciled paper cycle ( Figure S1 ) resulted in a recycling rate of 70 ± 4%, which is close to the 72% reported by CEPI. 28 However, this figure may be misleading as a share of paper for recycling is exported and reprocessed in other geographical areas (e.g., China), 29 or is lost in the paper reprocessing as residues and sludge composed primarily of short paper fibers and nonfibrous paper components. 9 When the net trade of paper for recycling and the losses during the reprocessing were taken into account, the recycling rate in the reconciled model decreased to 58 ± 3% and 51 ± 3%, respectively.
Static Substance Flow Analysis. The estimated amounts of BPA, DEHP, and MOHs added per year are provided in Table S7 and the derived transfer coefficients for each of the chemicals in the paper cycle processes are available from Tables S15−S21 (BPA), Tables S22−S28 (DEHP), and Tables S29−S35 (MOHs).
The majority of BPA was added in paper production through incorporation into the thermal paper matrix ( Figure S2) . The model-based amount of BPA added in production (i.e., 850 tonnes) was somewhat lower than the estimates made by the EU (1890 tonnes) for the years 2005−2006. 38 Such a discrepancy in values might be the result of the reduced use of BPA in thermal paper through the gradual substitution with BPA alternatives such as bisphenol S. 43 Thermal paper is a specialty paper that is accounted for in the OP products. Hence, the presence of BPA in the remaining six paper product categories exiting paper production was the direct result of the recycling of paper containing BPA. Certain ink and glue formulations may also include BPA as a plasticizer and plasticizer precursor, which are added to paper products in the paper conversion step. After being used, the majority of paper containing BPA ends up in the residual waste. This is a potential result of BPA contamination being recognized by the industry and consumers, and most of the thermal paper is already being diverted from the paper intended for recycling. Data from Denmark suggest that only 5% of thermal paper receipts end up in paper for recycling, 36 while the average values for the EU (ca. 30%) are significantly higher. 38 The detailed substance flow of DEHP in the paper cycle is presented in Figure S3 . While the largest part of DEHP was used in the paper conversion step, a significant share of the substance was reintroduced into the cycle through paper recycling. In our model, the intentionally added DEHP (980 tonnes) was well above the 325 tonnes estimated by Lee et al. 58 This difference may likely result from the fact that Lee et al. 58 only accounted for DEHP used in inks. However, DEHP is also used in other applications, such as adhesives and glue preparations, accounting for 7000 tonnes annually. 59 Although adhesives and glues are applied to paper and board materials, no quantitative data of the shares allocated to specific materials (paper, metal, plastic, textile, etc.) are available. Most of the DEHP reintroduced into the cycle was accumulated mainly in "case material", followed by "newsprint", and to a lower extent in the other paper products ( Figure S3 ). "Case material" contains a considerable amount of recycled fibers, predominantly from paper grades B and C, which contained the highest amounts of DEHP.
MOHs in the paper cycle are documented in Figure S4 . On the basis of the model results, 81 000 tonnes of MOHs were added into the paper conversion process (Table S7 ). The largest flow of MOHs in the products was in "case materials", primarily through the recycling process, which feeds mostly grade B paper (containing the most of MOHs among the discarded paper grades) into it. Once the paper was converted into paper products, NP and OG became important sources of mineral oils in the material loop. Mineral oils are mostly used as ink solvents in the printing processes, 17 which explains such an increase. A significant increase of MOHs in H&S paper products was not a result of the intentional addition of MOHs in the paper conversion. This is because MOHs in this fraction were mainly due to potential contamination in the use phase. While considerable amounts of MOHs were removed from the cycle
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Dynamic Model Outcome: Cycling of Chemicals. In the dynamic model, the amount of paper produced every year was kept constant. The paper collected for recycling was used for production, as given by the production model (Table S9) , and the remainder was provided by virgin pulp. The initial system was assumed to be chemical free and the chemicals were introduced at constant rates (Table S7 ). Paper recycling resulted in increasing amounts of chemicals over time. As presented in Figure 2A , the period until a quasi-steady state (chemical flows in products reach 99% of the maximum) differed for the three chemicals: 28 (BPA), 45 (DEHP), and 31 years (MOHs). In all three cases the accumulation period would reduce if no minimum lifetimes were assumed (section 8 (Supporting Information)). In the steady state, the removal of chemicals from the cycle was equal to the additions per year. The accumulation of DEHP and MOHs was more gradual than that of BPA (Figure 2A ). The addition of BPA in the production of paper (hence, the curve does not start at 0), and the fact that most of thermal paper was routed to residual waste (Table S19), Once the steady state was reached, the amount of paper and chemicals in the in-use stock were (practically) constant over time ( Figure 2B ). Most of the paper in the in-use stock was constituted by OG, CM, OP, and CB. The total paper stock was estimated to be 220 Mtonnes, which is equivalent to 470 kg/ capita and in agreement with the estimated 410 kg/capita for Germany in 2010. 27 Of the three chemicals, most were found in CM (DEHP and MOHs) or OP (BPA), followed by OG and the remaining paper products.
Scenario Analysis. The evolution of BPA, DEHP, and MOHs levels in paper products, as the result of the scenario implementations, is provided in Figure 3A , B, and C. The results indicated that the degree of chemical removal in paper products might vary significantly between the scenarios. In all of the scenarios (SC1−SC3), the measures indicated an initial reduction in chemical flows, followed by a leveling of the chemical contents at new, lower levels. The optimization of paper 
Article collection (SC1) resulted in reductions for the three chemicals assessed, ranging from 3% (for DEHP) to 19% (for BPA). This indicated that fractions of discarded paper containing the chemicals in focus (e.g., BPA in "other paper") were already largely diverted from the recycling loop into waste treatment alternatives (e.g., landfilling, incineration, etc.).
The detailed results of the optimized collection scenario (SC1) are presented in Table S36 . Optimization for the chemicals individually may lead to somewhat contradictory conclusions, for example, in the case of BPA, CB should not be collected at all, while for MOHs the collection efficiency should be increased from the current 53% to 89%. The results show that for all three chemicals, the collection efficiencies for relatively "clean" paper flows (i.e., NP and OG) should either be maintained at the current level or be increased, while other fractions (CB, OP, and WP) had to be diverted from collection in order to reduce the presence of both BPA and DEHP. It is worth mentioning that 100% collection efficiency of any fraction is purely indicative and would not be feasible in practice. The chemical flows in some paper product groups increased due to increased collection efficiencies (negative values in Table S36 ). However, overall, the optimized collection resulted in the reduction of BPA, DEHP, and MOHs in the paper products by 19%, 3%, and 13%, respectively. The rather limited potential for reduction was also related to the constraint of maintaining the current recycling rate. For instance, allowing the recycling rate to decrease by 5% would enable the reduction of the flows of BPA, DEHP, and MOHs by 25%, 26%, and 27%, respectively (Table  S37 ). This however is against the general trends in paper production in which recycling rates have been constantly increasing. 29 The effects of increasing the removal efficiency (SC2) were the lowest for BPA (9%), followed by DEHP (46%), and MOHs (80%). The relatively small reduction observed for BPA was the result of (i) limited improvements in the removal efficiency (from 10% to 20%) and (ii) direct use of BPA in paper production. The results indicated that, in order to achieve a substantial reduction in the presence of chemicals in paper products, major improvements in the processes designed for contaminant removal should be made. As specified in the scenario definition (Table S3 ), increased removal efficiency was potentially associated with a slight reduction in paper yield, potentially resulting in a trade-off between the chemical flows (quality) and paper yields (quantity) from recycling.
As expected, phasing out the chemicals was the most effective way to reduce their flows in the paper products. However, this still requires a considerable period after the end of the phase out period itself before the chemical content of paper can be considered insignificant (below the LOD). As evident from Figure 3 , this period was 15 years for DEHP, 13 years for MOHs, and 31 years for BPA. Additionally, in the model, all of the chemicals were assumed to be intentionally added to the paper material. Therefore, chemical contamination during use, waste management, or chemicals in imports to conversion or use might limit the effect of phasing out a chemical. Consequently, actual phase-out may be less effective and potentially result in longer phase-out periods than estimated here.
Implications for Material Recycling. The results of the scenario analysis highlight important aspects that need to be considered in relation to recycling of waste materials into high quality products. The trade-off between the quality and quantity of recycled materials was clearly illustrated through scenario one (SC1): substantial reductions of chemical flows could not be achieved through improved source-segregation of paper waste without lowering the mass-based recycling rates. For instance, lowering the recycling rate by 5% would enable the optimized paper collection to support higher removal of chemicals (particularly for DEHP and MOHs), compared to the base case. Similarly, scenario two (SC2) indicated that substantial contaminant removal in the recycling (and reprocessing) process could be achieved only through major technological improvements, which may lead to potential increases in residue generation.
In the present case, the substantial differences between the scenarios and comparative nature of the scenario analysis allowed for indirect sensitivity analysis of important modeling parameters while providing robust conclusions merely sensitive to the assumptions taken. However, changes of the paper product lifetime functions in the dynamic model have influence on the rate of mitigation measures effect and on the estimated in-use stocks of paper and chemicals (see section 8 of the Supporting Information for an analysis of the effect of alternative minimum lifetime assumption on the model results). Therefore, validated, empirically based paper product-specific lifetime functions would be a valuable asset for further investigating the dynamics of the paper cycle. Furthermore, the assumption of chemical concentrations in imported paper products being equal to domestically produced ones is a simplification, which might overestimate the effectiveness of mitigation measures implemented within Europe, in particular concerning the phase out of specific chemicals. In addition, rejecting the assumption of constant paper consumption was not explicitly assessed, but is expected to only marginally speed up the effects of mitigation strategies by increasing the amounts of virgin fiber in the paper cycle.
Because of the general importance of clean material cycles and the challenge of directing problematic substances to appropriate sinks, 60, 61 the presented modeling approach could be applied also to other product cycles and chemicals. As such, the approach may potentially support detailed analysis of material recycling in general as well as incorporate new data as they become available. While investigating potential human exposure to chemicals contained in consumer products was beyond the scope of this study, including exposure modeling could be a potential future step in assessing the impacts of chemical contamination in material cycles. While detailed and consistent data representing material compositions and chemical fates within the material cycle are scarce, and improvements are certainly encouraged, the modeling included in this study clearly demonstrates that material recycling should be a conscious balance between high quality (secondary) products and high (mass based) recycling rates. Finally, the work was not aiming to provide detailed discussion on policy implications. However, material recycling policies should not only reflect the mass of materials collected for recycling, but also, to improve the quality of the secondary products, combine recycling initiatives with technological development and strategies for contaminant removal from the material cycles.
